Abstract. Phylogenetic relationships among thirty-two species of mosquitoes in subfamily Anophelinae are inferred from portions of the mitochondrial genes COl and COII, the nuclear 18S small subunit rRNA gene and the expansion D2 region of the nuclear large subunit 28S rRNA gene. Sequences were obtained from the genera Anopheles, Bironella and Chagasia. Representatives of all six subgenera of Anopheles were included: Anopheles, Cellia, Kerteszia, Lophopodomyia, Nyssorhynchus and Stethomyia. Using parsimony and maximum likelihood methods, various combinations of these DNA sequence data were analysed separately: 18S, 28S, combined 18S and 28S, combined CO1 and COIl, and combined 18S, 28S, COl and COII ('total evidence'). The combined rDNA data contain strong phylogenetic signal, moderately to strongly supporting most clades in MP and ML analyses; however, the mtDNA data (analysed as either nucleotide or amino acid sequences) contain little phylogenetic signal, except for relationships of very recently derived groups of species and, at the deepest level, for the monophyly of Anophelinae. The paraphyly of Anopheles relative to Bironella is confirmed by most analyses and statistical tests. Support for the monophyly of subgenera Anopheles, Cellia, Kerteszia and N)'ssorhynchus is indicated by most analyses. Subgenus Lophopodomyia is reconstructed as the sister to Bironella, nested within a clade also containing Nyssorhynchus and Kerteszia. The most basal relationships within genus Anopheles are not well resolved by any of the data partitions, although the results of statistical analyses of the rDNA data (S-H-tests, likelihood ratio tests for monophyly and Bayesian MCMC analyses) suggest that the clade consisting of Bironella, Lophopodom)'ia, Nyssorhynchus and Kerteszia is the sister to the clade containing Cellia and Anopheles.
.
COIl fragments of approximately 605bp, representing 88.18% of the gene in An. quadrimaculatus, were amplified and sequenced with the primers listed in Table 2 . Thermal cycling conditions followed the protocol of Foley et al. (1998) .
For the D2 variable expansion region of 28S rRNA, 499bp (Ch. bathana) to 590bp (An. intermedius) were amplified and sequenced using the primers listed in Table 2 . The primers D2F and D2R are shortened versions of CP12 and CP15 of Porter & Collins (1996) . Anopheles dirus and An. funestus were amplified using CP 12 and CP15 and sequenced with D2F and D2R.
For the 18S small subunit rRNA, a fragment of 728-800bp, representing 36.05 39.62% of the gene in An. annulipes A, was amplified and sequenced using primers whose design was based on the complete multiple sequence alignment of species from the An, annulipes complex (AF121053-AF121063). The sequence and position of each primer are listed in Table 2 .
Standard protocols were used for all PCR amplifications (Palumbi, 1996) . When amplifications gave poor results, hot-start PCR was used or PCR product was reamplified. Double-stranded PCR products were purified with QIAquick PCR purification kit (Qiagen, Operon, Alameda, CA, U.S.A.) or with PEG precipitation (20% polyethylene glycol (PEG) 8000/2.5 m NaCI) and sequenced directly using the primers listed in Table 2 . All sequencing reactions were carried out using ABI Big Dye or ABI FS terminator chemistries (both PE Applied Biosystem, Foster City, CA, Table 2 . Sequences of COl, COIl, 18S and D2 primers used in this study.
Designation
Sequence ( SNucleotide position relative to 28S sequence of An. albimanus.
U.S.A.).
Templates were sequenced in both directions and sequences were generated with an ABI 373 automated sequencer (PE Applied Biosystem).
Sequence alignment
Nucleotide sequences of CO1 and COIl were aligned using the multiple alignment program Clustal W 1.6 (Thompson et al., 1996) , adjusted by visual inspection and guided by comparison with the complete published sequence of An. quadrimaculatus, using both nucleotides and amino acids. The DNA sequence of An. quadrimaculatus was translated into amino acids based on the invertebrate genetic code using MacClade version 4.0 PPC (Maddison 8,: Maddison, 2000) . Nuclear 18S sequences and D2 28S rRNA sequences were automatically aligned using Clustal X 1.8 (Thompson el al., 1997). The alignment of 18S sequences was guided by the primary and secondary structures of An. pseudopunctipennis• which were downloaded from rRNA database (http://rma.uia.ac.be) (De Peer et al., 1997). Aligning of 18S was done under 'profile alignment' using default conditions. Profile 1 was the sequence downloaded from the rRNA database and profile 2 consisted of the sequences generated by the present study. The alignment of D2 sequences was carried out using multiple alignment mode under gap opening and extension, as follows: GO50/GEI0, GO20/GE10, GO10/GEI and GO10/GE5. The GO10/GE5 alignment was used in the analyses. The 18S and D2 sequence alignments were adjusted by visual inspection using MacClade version 4.0 PPC (Maddison & Maddison, 2000) . To utilize shared, multiple-nucleotide insertion/deletion events ('indels') as characters in phylogenetic analyses conducted under the parsimony criterion, multiple-site deletions were scored based on the method of 'simple indel coding' (Simmons & Ochoterena, 2000) . Only those regions that could be scored unambiguously were coded for gaps and included in parsimony analyses. Three hyper-variable regions consisting of seventy-two nucleotide positions (10.54% of the positions in the D2 gene region) were found to be unalignable and were excluded from all analyses (including indel coding). Sequence data for all genes were combined into a single data matrix using MacClade version 4.0 PPC.
Phylogenetic analysis
The data consist of 1596 bp of nuclear ribosomal DNA (rDNA) sequence (913 bp from the 18S subunit and 683 bp from the D2 region of the 28S subunit) and 1507bp of mitochondrial DNA (mtDNA) sequences (903bp from COI and 604bp from COII). Parsimony (MP) and maximum likelihood (ML) analyses were carried out on various datasets, including 18S only, 28S only, 18S and 28S (i.e. rDNA only), mtDNA nucleotides (i.e. COl and COII), mtDNA, translated to amino acid sequence, and mtDNA and rDNA. It was not possible to obtain 28S sequence for An. acanthotorynus (representing subgenus Stethomyia) and Bi. gracilis; sequence for the 18S rDNA gene region could not be obtained for An. farauti. Because it was suspected that the high concentration of missing data in An. acantho-torynus may have artificially affected the results of some analyses (Nixon & Wheeler, 1992; Wiens & Reeder, 1995; Wiens, 1998; Klompen et al., 2000) , most analyses were conducted with An. acanthotorynus both included and excluded. Although there were missing data for An. farauti and Bi. gracilis as described above, these species consistently grouped with their sister taxa (An. dirus and An. squamifemur, respectively), with strong branch support in all analyses. Thus, missing data were not considered to be a problem in these species and analyses, and then exclusion was pursued.
Parsimony analyses. Parsimony analyses were implemented in PAUP 4.0b4a (Swofford, 1998) using the heuristic search option with TBR branch-swapping and with parsimony-uninformative characters excluded. To ensure that multiple 'islands' of most parsimonious trees were identified (Maddison, 1991) , 500 random-taxon-addition replicate analyses were carried out for the unweighted analyses and 200 random-taxon-addition replicate analyses were carried out for the successive approximations weighted analyses. For the successive approximations weighted analyses, character weights were based on the maximum value of the rescaled consistency index and iterative rounds were continued until character weights stabilized (Farris, 1969; Carpenter, 1988) . Bootstrapping (Felsenstein, 1985) under parsimony utilized 1000 pseudoreplicates, with ten random-taxon-addition replicates per pseudoreplicate; parsimony-uninformative characters were excluded.
Maximum-likelihood (ML) analyses. To obtain an appropriate substitution model and model parameter values, as well as an optimal starting tree for branch-swapping under ML, one or more optimal trees obtained by parsimony analysis were evaluated under 56 'models' of evolution using the computer program ModelTest 3.0 (Posada & Crandall, 1998) , which compares fourteen basic substitution models. All fourteen models were evaluated with and without rate heterogeneity. Rate heterogeneity was accommodated in three ways: using a gamma model with six rate categories, using an invariant sites model and using a gamma plus invariant sites model (Swofford et al., 1996) . Using a standard likelihood ratio test, the likelihood scores of each of the parsimony trees were compared across nested models with the computer program ModelTest 3.0 (Posada & Crandall, 1998 ). In pairwise comparisons in which the improvement in likelihood imparted by a more complex model was not found to be significant, the simpler model was chosen. Likelihood scores were also compared across both nested and non-nested models in ModelTest 3.0 using the Akaike Information Criterion (AIC). In the three cases in which the tests disagreed about model choice, analyses were conducted using the simpler model as discussed below. All datasets were additionally analysed using the most complex model available, GTR + I + ¾. Employing the adopted model and using the optimal parsimony tree (either the single tree chosen by unweighted parsimony or successive approximations weighted parsi-mony or, if multiple equally optimal parsimony trees were identified, the tree from this group with the highest likelihood score under the adopted model) as the starting tree for branch-swapping, five iterative rounds of maximumlikelihood analyses were carried out, proceeding from those using less intensive to those using more intensive branch-swapping regimens. The most likely tree identified during each of the first four ML search rounds was used as the starting tree for the next search round, both for the calculation of updated parameter values and for the initiation of branch-swapping. Branch-swapping regimens in the five rounds were, respectively, nearest-neighbour interchange (NNI), subtree pruning-regrafting (SPR), SPR, tree bisection-reconnection (TBR) and TBR. In all rounds except round 4, the Rogers-Swofford approximation limit was set to 0.05 ('approxlim = 5') and all optimal trees were saved during swapping. In round 4, the Rogers-Swofford approximation limit was set to 0.02 ('approxlim = 2') and only one optimal tree was saved during swapping ('mulpars = no'). Bootstrapping (Felsenstein, 1985) under the ML criterion utilized 100 pseudoreplicates, with a single random-taxon-addition starting tree per pseudoreplicate and TBR branch-swapping. To shorten the ML bootstrapping tree-search times, two compromises with regard to search thoroughness were made: the Rogers-Swofford approximation limit was set to 0 (i.e. no branch-length optimizations were pursued beyond the parsimony-based branch-length estimates calculated initially by P^Up) and ML model parameter values were set to the optimal (i.e. final) values estimated during the likelihood search procedure described above.
Statistical tests. The Shimodair•Hasegawa tests were performed using RELL approximation as described in Goldman et al. (2000) , which is based on Shimodaira & Hasegawa (1999). The likelihood ratio test for monophyly was performed as in Huelsenbeck et al. (1996) .
Bayesian analyses used MrBayes version 1.0 (Huelsenbeck & Ronquist, 2000). For the Bayesian analysis a GTR +F model was used, with six categories of rates, and with estimated base frequencies. Program default values for the prior probabilities were used. The MCMC was allowed to run 200 000 generations, and sampled every 100 generations after a burn-in of 100000 generations. The log likelihood output of the chain was plotted to confirm that the chain had stabilized during the burn-in.
Results

Sequence characteristics
The alignment of 18S rRNA sequences produced sequences 913bp in length, of which 378 sites (41.4%) were variable, 270 (29.6%) were parsimony informative and 276 included insertion/deletion (indel) events. The 683 bp of 28S included 327 sites that required indels in some species; 72 bp of unalignable 'hypervariable' regions were entirely excluded from all analyses. The 18S MP tree confirms the monophyly of Anophelinae, the basal position of Chagasia within the subfamily and the grouping Anopheles plus Bironella. Because An. judithae does not group with subgenus Anopheles in either the MPTs or with a >50% bootstrap proportion, the monophyly of subgenus Anopheles is not supported. Stethomyia is reconstructed as the sister group of Cellia with strong support, and the monophyly of the latter is also strongly supported (Table 5) (Table 5 ), but basal relationships between major groups within genus Anopheles (including Bironella) are not well resolved.
Under ML, the monophyly of Anophelinae (including Chagasia) is poorly supported (< 50% bootstrap proportion), whereas the monophyly of the clade consisting of Anopheles + Bironella is strongly supported (Table 5) . Resolution within that clade is generally poor. Exceptions include the monophyly of Kerteszia and Cellia. A sistergroup relationship between Lophopodomyia and Bironella is moderately well supported (Table 5) Bootstrap analyses. The MP bootstrap support for the 28S data is moderate to strong for most clades; ML bootstrap support values, however, are generally weak. The most basal relationships are generally better supported in MP analyses than in ML analyses. The monophyly of Anophelinae is well supported in both MP and ML analyses (Table 5 ). Due to missing sequence data for both Bironella and Stethomyia, however, the 28S dataset is unable to resolve questions about the relationships of these groups within Anophelinae. Unexpectedly, MP analysis places Lophopodomyia in the most basal position within genus Anopheles, and Cellia as the sister group to the clade formed by subgenera Anopheles, Kerteszia and Nyssorhynchus. The monophyly of Cellia is strongly supported and that of subgenus Anopheles is moderately well supported. A sistergroup relationship between Kerteszia and Nyssorhynchus is strongly supported. In contrast, the MP tree does not recover the monophyly of Kerteszia, and support for the monophyly of Nyssorh)'nchus is low (Table 5 ).
In the optimal ML tree, Lophopodom)'ia is basal within genus Anopheles and a clade consisting of Kerteszia and Nyssorhynchus is the sister group to a clade consisting of Cellia and Anopheles. However, these basal relationships are supported by <50% bootstrap proportions. The monophyly of Cellia is strongly supported; however, basal relationships within this clade are not well resolved. The monophyly of subgenus Anopheles is weakly supported, and the paraphyly of Kerteszia with respect to Nyssorhynchus is relatively well supported (Table 5) .
Combined 18S and 28S parsimony. Parsimony analysis of the combined 18S and 28S (rDNA) datasets produced forty-one MPTs with parsimony-informative length = 2764, CI=0.475 and RI=0.676. Analysis using successive approximations character weighting identified a subset of the MPTs consisting of twenty-two trees. Parsimony analysis of the combined 18S and 28S (rDNA) datasets from which Stethomyia (An. acanthotoo'nus) was excluded produced eighty-two MPTs with parsimony-informative length = 2684, CI=0.485 and RI=0.684. Except for decreased resolution within clade Nyssorhynchus, the strict consensus of these MPTs is entirely congruent with the strict consensus produced by the analysis in which Stethomyia (An. acanthotoo,nus ) was included, and overall support for most clades increases. Analysis using successive approximations character weighting identified a subset of the MPTs consisting of twenty-two trees. Except for the position of An. acanthotoo'nus, these are the same twenty-two trees that were found in the analysis in which An. acanthotorynus was included (Fig. 1) .
Combined 18S and 28S l&elihood. One of the twenty-two SWTs was evaluated in the program ModelTest 3.0. The likelihood ratio test found the TrNef + I + F model to be significantly better fitting than the next less complex model (P< 0.000001), whereas the Akaike information criterion found the TIM+I+F model (limiting transversions to two or four rates) to be the best fitting. Because the model chosen by the likelihood ratio test is simpler, we chose to conduct complete likelihood analyses using both this simplest model (TrNef + I+F) and the most complex model available, GTR + I + F. The TrNef + I + F analysis yielded a single most likely tree with a log likelihood of -13168.63111. Analysis using GTR + I + F yielded a single tree, identical with the tree found using the simpler model, with a log likelihood of -13149.31266 (Fig. 2 ).
An identical procedure was followed in the likelihood analysis of the combined 18S and 28S dataset from which Stethomyia was excluded. When one of the twenty-two SWTs was evaluated for fifty-six models of evolution, the likelihood ratio test again favoured the TrNef+I+F model (P < 0.000001), but the Akaike information criterion now favoured the TrN + I + F. Again, two analyses were run, one using the simplest suggested model, TrNef + I + F and the other using the most complex available model, GTR + I + F. The former identified a single tree with a log likelihood of -12790.34050; the latter produced a tree with identical topology and a log likelihood of-12774.81865 (Fig. 2) .
Significantly, except for the absence of An. acanthotorynus, the tree found in the ML analysis of the combined 18S and 28S dataset with An. acanthotorynus excluded is identical to the tree found by the ML analysis in which An. acanthotorynus was included.
Bootstrap analyses. Bootstrap support for most clades is moderate to strong in the MP analysis in which An. acanthotoo'nus is included. Relative to these results, overall support for most clades increased in the analysis from which An. acanthotoo'nus was excluded (Fig. 1) . Bootstrap support for most clades is similarly strong in ML analyses, and, again, support values generally increase when An. acanthotoo'nus is excluded from ML analyses (Fig. 2) .
The identical ML trees recovered under both the TrNef + I + F and the GTR + I + F models and with An. acanthotorynus either included or excluded from the analyses confirm the monophyly of Anophelinae and define three major clades within the clade consisting of genera Anophe/es and Bironefla (Fig. 2) (Fig. 2,  Table5 ). An interesting exception to this rule is the monophyly of the Pyretophorus Series within Cellia, for which bootstrap support increased when An. acanthotorynus was included. In analyses in which An. acanthotoo,nus was included, the support for the placement of the clade Bironella + Lophopodornyia within the clade Nyssorhynchus + Kerteszia decreased. Although the bootstrap support is low (Table 5) , it is worth noting that Stethornyia was reconstructed as the sister group to Ce//ia (Fig. 2) . The MP tree generated from the analysis with Stethornyia included is similar to that with Stethornyia excluded except for the lower bootstrap support value for phylogenetic relationships within the clade Nyssorhynchus (Fig. 1) . In addition, Cellia is recovered as the sister group to a monophyletic clade composed of Anopheles + Lophopodomyia + Bironella + Kerteszia + Nyssorhynchus. A comparison of the bootstrap proportions indicates that major disagreement between optimal MP and ML trees for the combined rDNA dataset is restricted to basal placement of the clade formed by Cellia + Stethomyia in the MP tree (Fig. 1) , in contrast to the basal position of the clade Nyssorhynchus + Kerteszia + Lophopodomyia + Bironella in the ML tree (Fig. 2) . Consequently, in the former tree the group Nyssorhynchus + Kerteszia 4-Lophopodomyia + Bironella was recovered as the sister group of Anopheles, but in the ML tree (Cellia + Stethomyia) is sister to Anopheles. Additionally, Kerteszia is nested within Nyssorhynchus in the ML topology, but MP reconstructed the separate monophyly of Kerteszia. Most clades are strongly supported by bootstrap proportions in the MP analysis (Table 5 In addition to the analysis of nucleotide sequence, the mtDNA data were converted to amino acid sequences and analysed under the criterion of 'protein parsimony' (Felsenstein, 1996) (Fig. 3) and thirteen in the ML analysis Molecular phylogeny of Anophelinae 371 (Fig. 4) . Aside from strong support for the monophyly of Anophelinae (92% under MP; 100% under ML), all of the relationships supported at >50% are recent, grouping at most five species. Under MP, only groupings consisting of two species (of which there are eight) achieve proportions of 70% or greater; groupings of three or more species (of which there are three, not counting Anophelinae) are supported by low proportions (57, 63 and 63%). The results of protein parsimony bootstrap analysis of mtDNA amino acid sequences are similar.
Similar patterns are obtained in the ML bootstrap analysis. Clades consisting of two species (of which there are six) are supported by >85% bootstrap proportions, whereas clades of three to five species (of which there are four) are supported by generally lower proportions (51, 63, 68 and 83%). The results of the MP and ML bootstrap analyses are consistent with the conclusion that the mtDNA regions analysed are far too rapidly evolving to recover the phylogenetic relationships of any but the most recently derived species groups and subgenera within Anophelinae. The fact that relationships between Nyssorhynchus species are among the only relationships recovered by bootstrap analyses of the mtDNA data, but not by the nuclear datasets, suggests that these divergences may have occurred too recently to be tracked by information in the ribosomal DNA data. This conclusion is also supported by the low genetic distances separating these species, detailed above. Parsimony analysis of the combined rDNA and mtDNA datasets from which An. acanthotorynus was excluded generated a single MPT with length = 5691, CI=0.365 and RI = 0.534. Analysis using successive approximations character weighting identified a single, different tree with parsimony-informative length = 5693, CI=0.365 and RI=0.533 (Fig. 5) Likelihood. The SWT was evaluated under fifty-six models of evolution, and the most complex model available, GTR+ I + F was found to be significantly better fitting than the next most complex alternative by both the likelihood ratio test (P<0.000001) and the AIC. Likelihood analysis using GTR + I + F yielded a single most likely tree with a log likelihood of-29449.59348 (Fig. 6 ). Likelihood analysis with An. acanthotorynus excluded identified a single most likely tree with log likelihood of -28584.39475. This tree differs from the most likely tree found with An. acanthotorynus included only in the position of An. acanthotorynus and in the position of An. triannulatus within Nyssorhynchus. Bootstrap analyses. Bootstrap support for most branches in the MP analysis increased when An. acanthotorynus was excluded; however, deeper relationships were weakly supported in both sets of MP analyses (< 50% bootstrap proportions). In contrast, the most basal relationships were better supported in ML bootstrap analyses. Due no doubt to the 'wildcard taxon' status of An. acanthotorynus on account of missing character data (Nixon & Wheeler, 1992), bootstrap support for nearly all branches is improved considerably when An. acanthotorynus is excluded versus when it is included in ML bootstrap analyses.
The single MP tree for the combined mtDNA and rDNA sequences with An. acanthotorynus excluded (Fig. 5 ) strongly supports the monophyly of Anophelinae as well as the grouping (Anopheles + Bironella) (Table5). The topology of the MPT is largely identical to that of the tree identified by successive approximations character weighting except for the position of Cellia, which is the sister group of subgenus Anopheles in the MPT but is placed outside of the clade (Anopheles + ((Bironella + Lophopodomyia) + (Kerteszia + Nyssorhynchus))) in the latter tree. Bootstrap proportions for the monophyly of each of subgenera Cellia, Kerteszia and Nyssorhynchus are strong (all 100%), as is support for the sister-group relationship of Kerteszia + Nyssorhynchus (Table5). The grouping Lophopodornyia + Bironella is well supported; however, the group formed by ((B#'onella + Lophopodorn),ia)+(Kerteszia + Nyssorhynchus)) is only weakly supported. Stethornyia is recovered as the sister group of An.judithae within the clade formed by members of subgenus Anopheles; however, the grouping (An. judithae + Stethornyia) is weakly supported (Table 5 ). The sister-group relationship between Lophopodomyia and Bironella is not affected by the inclusion (96%) or exclusion (94%) of Stethomyia.
In ML analyses conducted with Stethomyia excluded (Fig. 6) , support for a sister-group relationship between Lophopodornyia and Bironella is moderate, as is the support for the group ((Bironella + Lophopodornyia) + (Kerteszia + Nyssorhynchus)). In ML analyses in which Stethomyia is included, Stethomyia is reconstructed as the sister group of Cellia in the most likely tree, but is grouped with Kerteszia + Nyssorhynchus in the 50% majority rule bootstrap consensus tree; support for either relationship is low (Table5). The sister-group relationship between Lophopodomyia and Bironella is moderately well supported; in contrast, the position of Lophopodornyia + Bironella as sister to Nyssorhynchus + Kerteszia is weakly supported (Table 5) .
Evaluation of the relationship between Bironella and genus Anopheles
The controversial placement of Bironella within genus Anopheles was particularly scrutinized. ML bootstrap support for a position of Bironella within Anopheles is generally strong. In the combined analysis of the rDNA and mtDNA data (Fig. 6) , for example, three nodes separate Bironella from the basal branch defining Anopheles, one of which is supported by a bootstrap proportion of 85% (Table5). The S-H test (Shimodaira & Hasegawa, 1999) An.
An.
An. data were used, with ,4n. acanthotorynus excluded, because this gave the clearest results as described above. To examine the support for placing Bironella within ,4nopheles, the ML tree found above was compared with a tree from an add- The grouping (Cellia + (Kerteszia + Nyssorhynchus)) was constrained, as was the outgroup, including Ch. bathana. The positions of Lophopodomyia and the members of subgenus Anopheles were not otherwise constrained. The ML analyses for this test were conducted as described above for other ML analyses, except that empirically estimated base frequencies ('basefreq = empirical' in PAUP) were used.
The initial step in the likelihood ratio monophyly test was to conduct two ML analyses of the observed data, one in which the position of BironelIa was not constrained, and one in which the position of Bironella was constrained to be outside of genus AnopheIes. This constraint (or lack thereof) was imposed in addition to the constraints described above. The ML search in which the position of Bironella was not constrained obtained, as before, a tree in which Bironella is the sister group of Lophopodomyia. The log likelihood difference between this tree and the tree found under the constraint that Bironella is not part of Anopheles is 8= 9.888. Application of the S-H test indicates that there is no significant difference between these two trees (P = 0.17). However, the next step in the likelihood ratio monophyly test is to re-examine the significance of this difference using parametric bootstrapping. For this test, we consider the constrained tree, in which Bironella is outside of Anopheles, to be the null hypothesis, and we asked if it is reasonable to suppose that in the optimal (unconstrained) ML tree Bironella appears inside Anopheles only due to chance, i.e. as a result of the influence of random noise in the sequence data. To answer this question we need to know, on those occasions when the data produce such a result (i.e. when the ML tree indicates monophyly only due to chance), how much of a likelihood difference it is reasonable to expect, i.e. we need to obtain the expected distribution of the statistic for the null hypothesis of the likelihood difference. This null distribution was constructed by simulating data based on the null hypothesis: the constrained tree with its associated model ('parametric bootstrapping'). For each simulated dataset, a search was conducted for the best tree constrained to non-monophyly, and another search was conducted for the (unconstrained) ML tree. The statistic 8 is the difference in log likelihood between them. Often the result of the two searches was the same tree, and so 8 was zero. The null distribution of 8 thus generated is shown in Fig. 7 . Because the statistic 8= 9.888 from the original data is well outside the null distribution, the null hypothesis can be rejected and it can be concluded that it is not plausible to suppose that Bironella is really outside of Anopheles and only appears to be derived within Anophe/es on the optimal ML tree due to random noise. 
Evaluation of the relationship between Nyssorhynchus and
Kerteszia
In the ML tree based on ribosomal sequences, Kerteszia arises froin within Nyssorhynchus, as sister to An. triannulatus (Fig. 2) . Support for this result was scrutinized. Whereas ML support using ribosomal data for the clade Kerteszia + Nyssorh)'nchus is moderate (81% bootstrap proportion), support for Kerteszia as sister to An. triannulatus is weak (52%). When the ML search was repeated under the constraint that Nyssorhynchus is monophyletic, a tree was found that is only 1.7311 log likelihood units worse than the optimal (unconstrained) ML tree, a difference that is not significant (P=0.225) based on the S H test. Bayesian analysis using these data strongly supported monophyly of the group Kerteszia + Nyssorhynchus (Table6), with a posterior probability of 1.0. However, little support was found for any particular split associating Kerteszia with any particular member of Nyssorhynchus (posterior probability_< 0.32). The posterior probability of monophyletic Nyssorhynchus was only 0.09. This analysis corroborates the bootstrap analyses and the S H test, all of which show that the ribosomal data are unable to reliably resolve the relationships among species of Kerteszia and Nyssorhynchus.
Whereas the ribosomal data alone failed to reliably resolve subgenera in this part of the tree (Figs 1, 2 
Basal resolution of the subgenera of genus Anopheles
In the ML tree based on ribosomal data, the relationship of the subgenera is ((Cellia + Anopheles)+(BLNK)) (Fig. 2) , where BLNK refers to a clade consisting of Bironella + Lophopodornyia + Nyssorhynchus + Kerteszia. As this grouping is not consistently obtained in our analyses, support for alternative basal relationships of subgenera was examined. For example, Cellia was placed outside the clade formed by (Anopheles + (BLNK)) in the parsimony trees resulting froIn successive approximations character weighting analyses of both ribosomal (Fig. 1) , and combined rDNA plus IntDNA datasets (Fig. 5) . In contrast, Cellia exchanged positions with subgenus Anopheles in the topology resulting froIn ML analyses of the combined rDNA plus IntDNA data, in which Anopheles arises outside of the clade consisting of (Cellia + (BLNK)) (Fig. 6 ).
Molecular phylogeny of Anophelinae 377 2BLNK -Bironella, Lophopodomyia, Nyssorh),•7chus. Kerteszia.
We examined this question of basal subgeneric relationships with the S-H test. We searched for the best trees that constrained the basal relationships as ((Cellia + BLNK) + Anopheles) or ((Anopheles + BLNK) + Cellia), and examined the differences in log likelihoods between these suboptimal trees and the ML tree ((Cellia + Anopheles) + BLNK). The results show that the other two constrained arrangements are not significantly worse-fitting to the data than is the optimal (unconstrained) ML tree ( Table 7) .
The consensus tree froin a Bayesian analysis also supports the arrangement ((Cellia + Anopheles) + BLNK), consistent with the ML tree. The posterior probability was 0.73 for Anopheles + Cellia, 0.17 for Cellia + BLNK, and 0.088 for Anopheles + BLNK (Table 6 ). These probabilities reflect the same order of preference as found in the ML analyses but are more definitive. (Fig. 2) , whereas ML analyses of the combined rDNA and IntDNA dataset suggests that (Cellia + (Lophopodornyia + Bironella + Kerteszia + Nyssorhynchus)) are sister groups (Fig. 5) . Bootstrap support for either set of relationships is negligible, however, at < 50% for the former and 57% for the latter. For the data presented here, this problem of basal relationships within Anophelinae is best resolved by the Bayesian analyses described above, which support the grouping ((Lophopodomyia + Bironella + Kerteszia + Nyssorhynchus) and (Cellia + Anopheles)).
The effect of including/excluding An. acanthotorynus
Except for the presence of An. acanthotorynus, identical 50% majority rule consensus trees are obtained froIn bootstrap analyses of the combined rDNA data, including and excluding An. acanthotorynus. A comparison of bootstrap proportions on the two trees (Fig. 2) suggests that the inclusion of An. acanthoto•Tnus decreases confidence in the most basal branches within genus Anol)heles, due to the ambiguous position of An. acanthotorynus caused by missing 28S sequence data. Specifically, bootstrap support for the branch uniting Lophopodomyia, Bironella, Kerteszia and Nyssorhynchus increases from < 50% to 69% when An. acanthotorynus is excluded; likewise, support for the branch uniting Lol)hopodomyia and Bironella increases from 75% to 92% when An. acanthotorynus is excluded.
We Although analyses of the mtDNA data in isolation provide only weak support for this conclusion, it appears in the optimal tree for the ML analyses and in the optimal trees for the MP amino acid analyses, but not in the optimal tree for the unweighted MP analyses of mtDNA nucleotides. Foley et al. (1998) found strong support for the monophyly of the genera Bironella and Anopheles using successive approximations character weighting analyses. However, this result may be an artefact of taxon sampling (Hillis, 1998) , as the scope of that study was to estimate phylogenetic relationships among Australasian species of Anopheles, and thus no representative of Neotropical subgenera was included in the analyses. The significance of the placement of Bironella within genus Anopheles was examined using constraint analyses and statistical tests. In particular, the likelihood ratio test for monophyly using parametric bootstrapping (Huelsenbeck et al., 1996) for the rDNA data showed that the monophyly of genus Anopheles relative to Bironella can be rejected. Likewise, the results of the analyses of rDNA and combined rDNA plus mtDNA data using Bayesian analysis also support this conclusion. This hypothesis of non-monophyly of genus Anpheles is also supported by analyses of sequence data from the ND5 gene alone, combined ND5 plus D2, G6pd alone, and combined G6pd, ND5, D2 and white genes, all of which placed Bironella within Anopheles ( . (2001 a,b ). In the current study, monophyly of subgenus Anopheles is only moderately well supported. Support for the monophyly of subgenus Anopheles is almost entirely due to phylogenetic signal residing in the 28S dataset but, as can be seen from examining the bootstrap proportions in Table 5 , some support for this group also resides in the 18S data. It is important to note that, except for An. coustani, all other members of subgenus Anopheles included in this study are from the Neartic and Neotropical Regions, and thus the apparent monophyly of subgenus Anopheles may be an artefact of taxon sampling that will break down when more taxa are added, especially those from the Old World (specifically, Africa, Australasia and Southeast Asia). Similarly, Krzywinski ; these indel characters were necessarily ignored in the likelihood analyses. When the 18S data are combined with the 28S rDNA data and analysed with parsimony, support for the grouping Stethomyia + Cellia increases to 94% in spite of the fact that Stethomyia entirely lacks 28S sequence data; again, this support drops to < 50% when the combined nucleotide data (but not the indel data) are analysed using likelihood. Although bootstrap support for nearly all relationships is low (< 50%), it is worth noting that Stethomyia again groups with Cellia (arising within that subgenus) in the optimal trees resulting from both MP and ML analyses of the mtDNA data. In spite of this, and for reasons we do not fully understand, this relationship does not appear in any of the trees produced by the combined rDNA and mtDNA analyses. In fact, the tree resulting from the successive-approximations character-weighted parsimony analysis of the combined data places Stethomyia as the sister group of An. judithae, with the combined taxa forming the sister group to the remainder of subgenus Anopheles. These results suggest that the alternative grouping of Stethomyia with either Cellia or An. judithae in different MP analyses may be due to a combination of long-branch attraction between the most derived taxa included in the analyses as well as to conflicting phylogenetic signal within the rDNA data. Such a sister-group relationship between Stethomyia and Cellia has not been suggested previously, and it is strongly supported only by our rDNA parsimony analyses. Certainly there is no morphological evidence to support this hypothesis. Sallum e! a/. (2000) showed Stethomyia to be the sister group of Bh'onella, with both clades arising well within subgenus Anopheles. Based on the incongruence between the morphological and molecular results, elevation of Stethomyia to the subgeneric level would certainly be premature, because its position continues to remain unclear.
Subgenus Lophopodomyia
Although a relationship between the Neotropical subgenus Lophopodomyia and the Australasian genus Birone//a has never been suggested, the results of the present analyses weakly support the association of these taxa within a larger clade that also includes Nyssorhynchus and Kerteszia.
Because 28S rDNA data could not be obtained for Bironella and because the mtDNA data contain little phylogenetic information at the level of this study, it is clear that most of the character support for the sister-group relationship of Lophopodomyia + Bironella resides in the 18S rDNA data. In spite of the fact that no 28S data exist for Bironella, the interaction of the 18S and 28S datasets increases support for this grouping in combined ML analyses. In ML analyses of the rDNA and the combined rDNA and mtDNA data, Lophopodomyia is consistently placed as the sister group to the clade Nyssorhynchus + Kerteszia with consistently high bootstrap support (92% and 90%, respectively). Subgenus Lophopodomyia is similarly found to be the sister group of Nyssorhynchus + Kerteszia in likelihood analyses of both the nuclear 'white' gene and of combined DNA data from multiple genes (Krzywinski et al., 200lb) . Thus, Lophopodomyia appears to be a monophyletic group separate from subgenus Anopheles.
Subgenera Kerteszia and Nyssorhynchus
Monophyly of Nyssorhynchus is a consistent feature of trees produced by MP analyses, and is supported by high bootstrap proportions (Table5). Monophyly of N3'ssorhynchus is also indicated by ML analyses using combined rDNA and mtDNA data. ML analyses with rDNA alone do not reliably confirm or reject the monophyly of Nyssorhynchus. The optimal trees resulting from ML analyses of the combined rDNA and mtDNA data with Stethornyia both included and excluded reconstruct Kerteszia and Nyssorhynchus as sister taxa. This result is largely congruent with the results of a cladistic analysis of morphological characters (Sallum et al., 2000) and with those of previous molecular analyses (Krzywinski e! al., 2001a,b) . Within Nyssorhynchus, phylogenetic relationships remain unclear. However, the paraphyly of the Argyritarsis and Albimanus Sections are confirmed. It is important to note that the problem of relationships of species within Nyssorhynchus is one of the few areas for which the mtDNA sequence data contribute decisive information, suggesting, as do the low genetic distances between the DNA sequences of these species, that these species are the result of relatively recent divergence. 
